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INTRODUCTION 
The cation exchange capacity (C.E.C) of a colloid, for example a 
clay particle, is a measure of the number of negatives sites, commonly 
expressed as milliequivalents per 100 grams dry weight (me./lOO g.)» 
capable of holding exchangeable cations. Exchangeable cations are those 
cations held in such a way not to be dissolved or leached by water, but 
to be easily replaced quantitatively by another cation in the solution 
containing the colloid. Thus a Na ion in the soil solution can exchange 
with a K ion held by a clay particle, 
Na"*" + K-clay = KT*" + Na-clay 
Clay colloids in a soil-water system have a negative charge and are 
surrounded by the cations associated with these negative colloid charges. 
In a simple system, some of these cations are in the form of a swarm 
surrounding the clay particle while others may be bonded directly to the 
particle (29). This is known as the double layer effect and results in 
a negatively charged colloid dispersed in a solution of a given ion concen¬ 
tration with each colloidial particle surrounded by a relatively concentra¬ 
ted solution of associated cations. The system as a whole is electrically 
neutral. This constitutes a Donnan system consisting of a charged colloid, 
an "inside" solution containing the ions associated with the colloid to 
maintain electrical neutrality of the colloid and the "outside" solution 
at a salt concentration lower than that associated with the inner solution. 
On the basis of the Donnan system, Mattson (25) proposed that ions 
having different charges will be attracted to the inner solution with 
different strengths under different conditions. Among cations with a 
given charge, the attraction generally decreases with increased water of 
hydration. In solutions of low salt concentration, the higher the activity 
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of the "inside" solution in comparison to that of the "outside" solution 
the greater will be the proportion of divalent to monovalent cations 
attracted to the colloid. Thus as the C.E.C, of the colloid increases, 
for colloids placed in solutions having the same salt concentration, the 
activity of the inner solution increases and as a result more divalent 
ions will be attracted to and associated with the colloid with the higher 
C.E.C. Following this one step further, he proposes that if two soil 
colloids, one having a high exchange capacity and the other with a low 
exchange capacity, and both containing the same ratio of divalent to 
monovalent cations, are placed in salt solutions having the same salt 
concentration, the soil with the higher C.E.C, will bind its divalent 
cations more tightly and release its monovalent ions more readily than 
will the soil having the lower exchange capacity. If the two soil colloids 
were placed in the same solution, the colloid with the higher C.E.C. would 
remove divalent cations from and release monovalent ions to the colloid 
with the lower C.E.C. This condition is referred to as the Donnan or 
"valance" effect. 
The ( ) indicates the activity or 
effective concentration of the cation. 
Plant roots have been shown to possess negative charges which act as 
cation exchange sites (8,9,10,16,17,20,40), These charges are the result 
of organic substances on the root surface and possibly within the root 
cells, having ionizable groups such as carboxyl groups. Some workers have 
attributed most of the C.E.C. to free carboxyl groups of pectic like sub¬ 
stances inthe cell wall (7,8,22). Plant species are found to differ in 
their root C.E.C. In general, it has been reported that monocots have a 
lower C.E.C. than dicots (10). Representative values reported are: for the 
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monocots,winter wheat 9.0 and spring oats 22.8; and for the dicots,tomato 
34.6,red clover 47.5 and peas 49 me./100 g. dry weight. 
The value of these exchange sites was emphasized by Mattson (26) in 
the following, "The great ability of plants to absorb nutrient ions from 
the soil, generally credited to the excretion of carbonic acid, is more 
easily accounted for by the continuous formation of a strong acidoid" - 
(H saturated exchange sites) - " on the surface of the root. Consider 
the growing root penetrating the soil, always establishing new contacts 
and always forming new acidoids, originally unsaturated, and of a strength 
and concentration much greater than that of carbonic acid. The result must 
be a great solvent action and a rapid exchange due to the intimate contact 
with the soil particles which is established by virtue of the root pressure. 
Jenny (21) proposed the idea of "contact exchange" by which cations 
on a clay colloid could be directly exchanged with cations on a plant root 
without actually passing into solution if the plant root colloid came close 
enough to the clay colloid so that the inner solutions of the collods over¬ 
lap. This theory eliminated the theoretical requirement for carbon dioxide 
or free salts in the solution to explain the mechanism of the transfer of 
ions from the clay to the root. He stated, "the contact theory is a pro¬ 
ductive and stimulating theory. It assigns to the root surface the role 
of active, individualistic, genetic, and physiologically conditioned parti¬ 
cipation in the liberation of absorbed nutrient ions. It enables the plant 
to feed directly upon the solid phase. It insists upon the interplay of 
soil colloids and plant colloids." Thus the competition that exists be¬ 
tween the colloids of the soil and of the plant root becomes very important 
in considerations of nutrient availability. 
These exchange sites attract and hold cations to the root surface 
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which are then, by some mechanism requiring energy, actively transported 
across the cell membrane. To distinguish between the cations attracted 
to and held by exchange sites and the active transport of cations within 
the plant the terms adsorption and absorption are used respectively. 
Adsorption is found to be a non-metabolic process occurring in ether 
killed roots and subject to the expectations of a physical process. 
Absorption, however, is subject to metabolic considerations (22). The im¬ 
portance of the adsorption process is that it may be one of the most im¬ 
portant governing conditions which controls the supply of cations to the 
active absorption process, especially in soil solutions with low ionic 
activity. Mattson (25) stated that it is only when the cation activity 
of the soil solution is low and most of the cations are held in the exchange 
able form, at a time when the root colloid must compete with the soil 
colloid, that the Donnan or valence effect will be greatest* 
Asher and Ozanne (2) stated ’’Root C.E.C. may exert a quantitative 
influence on nutrient uptake, however by (1) raising the concentration 
of cations in the Donnan free space (D.F.S.) above the level in the surround 
ing aqueous solution; (2) Influence the relative proportions of ions of 
different valency in the D.F.S., as a consequence of the Donnan valence 
effect. These two effects should be most marked where a plant is growing 
in a medium of low ionic activity." 
Since both soil colloids and plant roots possess C.E.C. the condition 
for cation adsorption by roots will be subject to conditions similar to 
those that apply to adsorption of cations by the soil and the roots will 
actually have to compete with the soil for cations. As stated above, 
Mattson proposed that for two soil colloids, one with high and the other 
with low C.E.C., the former would supply relatively more monovalent than 
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divalent cations, while the latter would supply relatively more divalent 
than monovalent cations. Thus, one would expect that as the C.E.C. of a 
soil was increased it would supply relatively more monovalent cations and 
less divalent cations to a plant. Conversely a plant root colloid with 
a high C.E.C. would attract relatively more divalent than monovalent cations, 
while a plant root colloid with a low C.E.C. would attract relatively more 
monovalent than divalent cations. Thus, as the C.E.C. of a plant root is 
increased the root should be able to attract and hold divalent cations 
with relatively greater strength than monovalent cations. 
In the light of a better understanding of the mechanisms of plant 
nutrient supply and availability, a study of these conditions becomes very 
important. Although it has been demonstrated than plant uptake of divalent 
cations increases as the root C.E.C. of different species increases, the 
possibility of other species variables cannot be eliminated. 
If a means of changing the root C.E.C. values of a particular species 
of plant were available, the problem of effect of root C.E.C. itself on 
cation adsorption could be approached without the complicating variables 
that may be introduced by species differences in studies of root C.E.C. 
effects on cation adsorption. As shown below, the nitrogen supply offers 
a possible way to change the C.E.C. value of the roots of a given plant 
species. 
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REVIEW OF THE LITERATURE 
A number of investigators have studied the effects of nitrogen 
supply on the C.E.C. and growth of plant roots. These studies included 
the form of nitrogen as well as the nitrogen level supplied. 
McLean (27),in 1955 reported a relatively high correlation (r=0.844) 
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between the root C.E.C. and the per cent nitrogen contained in 20 common 
agronomic crops. He compared the C.E.C. produced by plants grown in 
gravel cultures containing low, medium and high nitrogen supply. An in¬ 
crease in root C.E.C. of 40 per cent for oats, 30 per cent for com and 
approximately 10 per cent for buckwheat, cotton and soybeans was reported. 
The per cent nitrogen in both roots and tops was found to increase with 
increasing nitrogen supply. 
Wander and Sites (39) in their studies on rough lemon seedlings in 
nutrient cultures found that the C.E.C. of the roots increased as the 
NH4/NO3 ratio decreased. The 100 per cent NH^ solution (200 ppm. N) 
produced a C.E.C. of 12.0, 50 per cent NH^/50 per cent NO3, produced a 
C.E.C. of 15.0, 25 per cent NH^/75 per cent NO3, a C.E.C. of 25.0 and the 
100 per cent NO3 solution produced a C.E.C. of 36.0 me./100 g. In addi¬ 
tion, they reported that there seemed to be a direct relationship to NH^ 
supply and active acidity of the solutionsJ ammonium nitrogen was more 
readily sorbed if the pH of the nutrient solution was frequently titrated 
to a pH of 5.8. The pH had little or no effect on nitrate sorption. The 
per cent calcium in the plants increased with increasing C.E.C. even though 
Ca(0H)2 was added to the solutions high in NH4 for pH control. Growth be¬ 
came poorer as the NH4 ion concentration increased. 
Wallace and Ashcroft (37) found that dry weight production was severely 
reduced when beans and rough lemon cuttings were supplied with solutions 
containing only NH4 as the source of N as compared with NH4NO3, NO3, or urea. 
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The per cent Ca was greatest in the NH^ plants but this appeared to be due 
to the low dry weight resulting from poor growth. 
Smith (33) was able to grow pineapple and orange seedlings for 15 
months in vigorously aerated nutrient cultures supplied with NH4 (100 ppm. N) 
✓ 
as the only source of nitrogen by maintaining a pH of about 6. The roots 
showed no evidence of toxic effects. However, if the pH was not controlled 
initial growth was good, but toxic effects were soon noted. The per cent 
Ca and K in dry leaves was found to increase as NH4 was replaced by NO^. 
He attributed this increase to decreasing cation competition. The competi¬ 
tion appeared greater when the pH was low (higher H ion concentration)• No 
significant differences in dry weight were produced in the all NH^, 50 per 
cent NH^ and 50 per cent NO3, and all NO3 solutions when the pH was controlled. 
Helmy and Elgabaly (17) grew barley in tap water for 10 days, and 
then added NH4CI equivalent to 10, 20, 40 me./3.5 liters of water 48 hours 
before excising the roots. The root C.E.C. values were increased by the 
Increments of NH^Cl. 
McLean (28) continued studies on the relationship of nitrogen and root 
C.E.C. and reported dry weights and percentages of Ca, Mg, P, K and Na in 
the roots and tops of the plants. Ca and Mg uptake was increased as the 
root C.E.C. was increased by Increased nitrogen level supplied, but P, Na 
and K generally decreased. The increased uptake of divalent cations was 
attributed to the Donnan effect resulting from the increased C.E.C. of the 
roots. 
Huffaker and Wallace (20) reported that for soybeans grown in nutrient 
cultures, there was an increase in the root C.E.C. from 28.9 me./100 g. for 
14 ppm. nitrogen as NH4 to 41.8 me./lOO g. for 14 ppm. as NO3 (20 me./Iiter) . 
For the same solutions, the C.E.C. of rough lemon roots increased from 15.3 
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to 25.1 me,/100 g. Urea equivalent to 20 me. of NO3 per liter produced 
a root C.E.C. of 26.5 for soybeans. The same NO^ range for com produced 
C.E.C.'sof 11,8 me./lOO g, (for urea - 20 me./liter), 14.8 me./lOO g. 
(1 me./ liter NO^) and 12.4 me./lOO g, (20 me,/liter NO3). They also 
report a decrease in C.E.C. of soybeans by lime-induced chlorosis and 
an increase in C.E.C. with increased phosphorus supply. 
Smith and Wallace (35) reported increasing C.E.C. due to nitrogen 
level on fescue and Valencia orange rootlets, however, they found no in¬ 
crease in the C.E.C. value of cucumber roots which have a high C.E.C, 
(80 me./100 g.). 
r 
In another study, Huffaker and Wallace (19) reported the effect of 
increased nitrogen level on citrus, soybeans and com root C.E.C. The 
data showed no definite trend for plant grown in sand culture and soil. 
However, by subjecting the data to theoretical^equations they proposed to 
explain C.E.C. effects on cation uptake, A 0.99 level of significance was 
foimd for the equation C.E.C.^^/C.E.C.^ = K2/K]^, 0.95 for C.E.C.j^/C.E.C.2 = 
(Ca]^ + Mg]^/Ca2 + Mg2)^, and 0.99 for K2/K]l “ (Ca-j^ + Mg]^/Ca2 + Mg2)^ , for 
plants grown in soil. Subscripts 1 and 2 represent different species. 
Drake and White (11) reported increased per cent calcium in tomato 
and buckwheat tissue with increased additions of ammonium nitrate. The 
plants were grown in a soil low in available Ca, but supplied with relati¬ 
vely coarse particles of CaCO^. They concluded that the effect of the 
nitrogen was to increase the root C.E.C, of the plants and thus create a 
Donnan Distribution that favored Ca uptake from the calcite crystals. 
Heintze (16) reported that the root C.E.C. of 4 month old perennial 
ryegrass was increased from 21 to 26 me./100 g. by the application of 100 
lbs, of nitrogen per acre as (NH^)2 SO4 to a N-deficient soil in the green¬ 
house. The same amount of N applied as (NH4)2 SO4, Ca(N03)2 or urea 
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increased the C.E.C. of Italian Ryegrass grown in the field from 25 to 
32, 34 and 26 me,/100 g. dry weight respectively. 
Asher and Ozanne (2) reported increases in the C.E.C. of grass roots 
with increased nitrogen level when grown in sand culture. Herbs and 
legumes having higher root C.E.C, values did not show this trend. They 
reported a high correlation between root C.E.C. values and the uptake 
of both Ca and P when rock phosphate was the only source of Ca and P. 
Comparing per cent Ca in the tops of 15 species (grasses, herbs and legumes) 
with root C.E.C. indicated a positive relationship. The same trend was 
observed for phosphorus. 
Marshall (24) investigated the bonding of cations to clays by means 
of clay membrane electrodes and found that in titrating an electrodialyzed 
H montmorilIonite (Putnam) clay with Ca(0H)2 the Ca activity remained fairly 
constant from 30 to 70 per cent Ca saturation, beyond which a sharp rise in 
Ca activity was observed. The activity of Ca between 78 and 100 per cent 
Ca saturation was decreased slightly when K was the accompanying ion 
rather than H. From his observations, he concluded that Ca availability 
to plants will become very low when the per cent Ca in the soil with mont- 
morillonitic clay falls below 70 per cent of the exchange capacity. The 
H-clay prepared for the experiments reported in this thesis was prepared 
by a H resin column whereas Marshall's was prepared by electrodialysis. 
Thus the Ca activity of the clay systems may have been somewhat different. 
Mattson et al (26) grew peas and barley in washed sand containing 
kaolin and bentonite at various K and Ca ratios. The plants were harvested 
after 6 weeks and were analyzed for Ca and K. It was found that the relative 
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uptake of Ca by peas (high root C.E.C.) was greater than by barley (low 
C.E.C.) but in addition it was observed that the uptake depended on the 
nature of the C.E.C. of the clay, with which the roots had to compete. 
Both peas and barley obtained more Ca from the kaolin than from the bento¬ 
nite at all K/Ca ratios. This was predicted since the kaolin having a low 
C.E.C. would bind Ca relatively less strongly than K (valance effect) 
while the bentonite (high C.E.C.) would bind the Ca more strongly than K. 
Peas were able to obtain more Ca from both bentonite and kaolin than barley. 
This too was predicted since the pea roots (high C.E.C.) should be better 
able to compete with the clay for Ca than the low C.E.C. barley roots. 
As the K/Ca ratio increased the Ca uptake by both plants decreased consider¬ 
ably. The K/Ca ratio in the plants increased as the K/Ca ratio on the 
clays increased, however with the bentonite systems this ratio in barley 
was nearly twice the ratio in peas indicating that the barley root (low 
C.E.C.) was a poor competitor for the Ca which was strongly bound by the 
bentonite. 
Elgabaly and Wiklander (13) grew barley plants in 1/8 Hoagland and 
Broyer nutrient solutions for 21 days, excised them and reacted them with 
clay suspensions containing 0.5 me. Na - 4.5 me. Ca, 2.5 me. Na - 2.5 me. 
Ca, and 4.5 me. Na - 0.5 me. Ca. Comparing the Ca/Na ratio in the roots 
to the Ca/Na ratio in the clay sol it was found that kaolin (low C.E.C.) 
was a better supplier of Ca than bentonite (high C.E.C.) with the effect 
very marked at the clay ratio of 4.5 Ca/0.5 Na. They conducted an experi¬ 
ment similar to Mattson's in which excised barley and pea roots were re¬ 
acted in Ca/Na bentonite suspensions. The Na uptake by barley was greater 
than peas wliile the Ca uptake was greater for peas at all Ca/Na clay ratios. 
The Ca/Na ratio in the roots remained essentially constant for the barley 
(0.25 - 0.4) whereas, that of the peas was 1.7, 3.2 and 5.7 at Ca/Na clay 
11 
ratios of 1/9, 1, and 9/1 respectively. The pea roots with their high 
C.E.C. were better able than barley to compete with the bentonite clay 
for the Ca. 
Eck et al (12) reported that kaolin at both 45 and 90 per cent Ca 
saturation was a better supplier of Ca, from a Ca-H system, to tomato 
plants than was Wyoming bentonite at either 45, 60, 75 or 90 per cent 
Ca saturation. With the bentonite the Ca saturation had to exceed 75 per 
cent before Ca was taken up by the tomato plants. No increase in Ca up¬ 
take from kaolin was reported by increasing the per cent Ca saturation 
from 45 to 90 per cent. Migration of K from the roots to a Ca clay and 
of Ca to a K clay were reported, demonstrating the competition effect be¬ 
tween the exchange sites on the clays and the roots. 
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OBJECTIVES 
The objectives of this research work were: 
(a) To investigate the effects of levels of nitrogen and the ratio 
of NH^/N03 on the root C.E.C. of some species* of cereal plants 
grown in nutrient solutions. 
(b) To react roots of a given species (having induced different root 
C.E.C. values) with Ca-H bentonite systems to investigate the 
effects of root C.E.C. on Ca adsorption by the roots. 
* Spring wheat (Triticum Sativum, L.), Spring oats (Avena Sativa, L.) 
and Spring barley (Hordeum Sativum, Jess.) 
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MATERIALS AND METHODS 
(a) Nutrient Solutions. 
The nutrient solutions (Tables 1 and 2) used for growing cereal plants 
were designed to allow variation in either the NH^/NO^ ratio or in total 
nitrogen concentration while maintaining control of pH and minimizing varia¬ 
tion of other ions in the solution. Minor elements were supplied as C.P. 
grade MnS0^.4H20, CUSO4.5H2O, (NH^)^Moy02g.4H20 and ZnS0^.7H20 to 
supply 0.1 ppm.B, 0.25 ppm. Mn, 0.01 ppm, Cu, 0.05 ppm. Mo and 0.1 ppm. Zn. 
Iron was supplied as Fe citrate to furnish 0.26 ppm. Fe. Stock solutions 
(0.25 M) of C.P, grade KCl, MgS04, (NH4)2HP04, (NH4)2S0^, CaCl2, NH4CI, 
CaN03, NaH2P04, NaCl and 0,15N H2SO4 were used to make the nutrient solutions. 
The water used throughout all experimental work was steam distilled unless 
indicated as tap water. 
The initial pH of the NH^/NO^ ratio solutions (Table 3) was found to 
decrease with a decrease in the amount of HPO4 ion added. In preparing 
the solutions of different nitrogen levels, all phosphate was added as 
HPO4 ion resulting in more uniform pH control. The decrease in pH of the 
100 per cent NH4 solution (Table 4) was assumed to be due to the uptake of 
NH4 and release of H ions by the roots. Some precipitation of iron, phos¬ 
phorus and possibly calcium occurred in the NH4/NO3 ratio solutions. The 
nitrogen level solutions (Tables 2 and 4) were mechanically stirred through¬ 
out preparation and 3,7 me. of H2SO4 per liter of solution was added which 
lowered the pH to (6,9-7.0) and prevented precipitation. The iron, as 
citrate, was added at the time the solutions were placed in the pan. 
(b) Methods for Growing Plants. 
• Seeds were placed on two layers of cheesecloth over plastic window 
screen 10 x 18.5 inches supported by a wooden frame. These frames were 
supported by No. 4 rubber stoppers in 2.5 x 12 x 20 inch white enamel pans 
(figures 1, 3, 4). Seven liters of solution brought the level to the 
14 - 
TABLE 1 
KuCrient solutions containing different NH4/NO3 ratios (30 ppm. N) 
HH4/N03 NH4 NO3 P K Mg Ca Ha S Cl 
loovoi 50.0 0.0 31.7 20.0 27.5 81.7 35.2 61.6 214.0 
75%/25Z 37.7 12.3 31.7 20.0 27.5 81.4 47.0 53.5 189.6 
50X/50Z 25.0 25.0 31.7 20.0 27.5 112.5 50.0 53.5 188.5 
25X/75Z 12.5 37.5 31.7 20.0 27.5 122.7 48.4 37.1 193.0 
OZ/IOOZ 0.0 50.0 31.7 20.0 27.5 122.6 58.7 37.1 161.8 
75Z/25X 
lou Ha 
37.7 12.3 31.7 20.0 27.5 101.7 4.9 40.5 189.3 
TABLE 2 
Nutrient solutions containing different nitrogen levels - ppm. 
Total M HH4 HO3 Ca P K Mg S Ma Cl 
100 ppm. 30.0 70.0 80.0 25.0 20.0 27.8 36.7 67.8 120.0 
33 ppm. 10.0 23.0 80.0 25.0 20.0 27.8 36.7 47.7 142.0 
10 ppm. 3.0 7.0 80.0 25.0 20.0 27.8 36.7 32.2 142.0 
1 ppm. 0.3 0.7 80.0 25.0 20.0 27.8 36.7 36.7 156.0 
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TABLE 3 
Nutrient solutions - pH o£ NH4/NO3 ratio solutions 
NH4/NO3 ratio Initial pH pH after 2 days contact 
with wheat, oats, barley 
lOOl/OX 7.1 3.6* 
75X/25% 7.1 3.6 
50Z/50% 6.9 4.2 
25X/75X 6.2 5.8 
OX/IOOX 4.2 7.0 
75%/25Z 7.1 4.2 
low Na 
* Positive test £or NO3 Indicated some nitrification 
TABLE 4 
Nutrient solutions - pH of nitrogen level solutions 
1 level Initial pH pH after 3 days contact 
Wheat Oats 
with roots 
Barley 
1 7.0 5.9 6.1 6.3 
10 6.95 6.4 6.3 6.3 
33 7.0 6.1 5.6 6.2 
100 6.85 4.0 3.9 3.7 
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cheesecloth thus wetting the seeds, vnicn considered necessary, wet paper 
towels were placed over the seeds for about 2 days to prevent slow germina¬ 
tion due to drying. No differences In C.E.C. were found In an experiment 
conducted to check the effect of using the towels. 
Forced aeration for the solutions was supplied by means of four capi¬ 
llary outlets In each pan which produced a constant stream of bubbles to 
both aerate and mix the solution, (figure 1), For all experiments conducted 
In the growth room the outlets used were wooden dowels (0,25 x 0,5 Inches) 
Inserted In the ends of rubber tubing. These wooden dowels produced a much 
larger quantity of tiny bubbles than did capillary tubes providing a better 
O2 supply. 
Water was placed In the pans until the seeds developed roots 0.5 
to 0.75 Inches long and green shoots appeared. This required 2-3 days, 
after which the pans were filled with a nutrient solution that was renewed 
every 2 days until the roots were excised, usually 10-12 days after plant¬ 
ing. A straight razor was found to be an excellent tool for excising the 
roots flush with the bottom of the screen. 
In one experiment live Intact roots were either dipped In HCl or 
were placed In the dialysis cell. These plants were grown In nutrient 
solutions In the greenhouse In the following manner; TWenty-four holes 
1.5 Inches In diameter were cut through a piece of 0.75 Inch Styrofoam 
which had been cut to fit the Inside of an enamel pan. Plastic window 
screen 2.5 Inches square were placed over the holes and this sheet was 
floated on the nutrient solution. Cheesecloth and 25 barley seeds were 
placed on each screen and the entire sheet was covered with wet paper 
towels until the seeds germinated. Forced aeration was provided by 4 
outlets. 
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Figure 1« Method of producing roots In nutrient solutions* 
Figure 2* C<»parlson of IIH4 and NO3 produced roots. Left 
frame - all IIH4, right frame - all N03. The three species 
In each frame were, left to right, wh^t, barley and oats. 
A. » 
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The same method was employed for growing roots for dialysis except 
that slots 1x4 inches were used instead of round holes. By using this 
technique, groups of intact plants could be removed, the roots treated, 
and then replaced in the nutrient solution and observed (figure 9a). 
Plants were grown in the NH^/NO^ ratio solutions in the greenhouse 
during the period from January through April 1962. In the fall of 1962, 
a growth room was designed to provide controlled conditions for plant 
growth. The tenqperature of this 13 x 15 foot growth room was maintained 
between 66-70®F by means of an air conditioner. The 800-1000 cu. ft./ 
min. blower for this unit was on at all times to provide continuous air 
movement. This pressure system was designed to allow some air to be ex¬ 
hausted from the growth room at all times replacing it with fresh outside 
air. It was estimated that this fresh air amounted to 10-20 per cent of 
the blower capacity. The relative humidity was maintained between 60 and 
70 per cent by a Standard Engineering Works Model No. 37 humidifier having 
an output of 1.5 gallons per hour. The light source used consisted of 
two, four foot banks of seven 40 watt fluorescent warm white tubes providing 
a light intensity of 1000 to 1100 foot candles at seed height. In February 
1963, two banks of twelve, four foot, 100 watt VHO Sylvania warm whites 
were installed (figures 3,4). These provided 2000 to 2500 foot candles at 
seed height. The light period of 14 hours on, and 10 hours off, was con¬ 
trolled by a time clock. The temperature under the 100 watt fluorescent 
banks rose to 74-75°F when the lights were on producing a relative hximididy 
of 60-65 per cent. 
Wheat plants grown both in the greenhouse and in the growth room de¬ 
veloped roots with essentially equal C.E.C. values. No measurable differences 
Figure 3. View of plants growing in gro%rth roon under 
100 watt fluorescent lights which provide 2000 foot 
candles at seed height* 
Figure 4* View of plants growing in growth roon under 
100 watt fluorescent lights* 
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in C.E.C, of wheat roots were produced by the two light intensities (1000 
and 2000 foot candles) in the growth room. 
(c) Observations on the Nature of Roots. 
It was observed that root characteristics differed as a result of 
the nature of the solutions in which the roots were grown and with the 
age of the root. As the NH^/NO^ ratio was decreased at the level of 50 
ppmtN, the roots of 16 day old barley plants became longer, whiter, finer 
in texture and produced more laterals. (figure 2X Barley roots grown in 
100 per cent NH^ or 75 per cent NH^/25 per cent NO3 were found to be short, 
coarse, and brown with nodules but no developed laterals. Roots grown 
in the other NH^/NC)3 ratio solutions produced long silky white roots with 
nodules and some laterals 0.5 inches in length. The low Na ion solution 
(75 per cent NH^/25 per cent NO3) produced long brown roots with many well 
developed laterals. It was noted that initially oat roots curled and pro¬ 
duced a great quantity of very fine root hairs so that these roots, when 
drained, appeared to be covered with a gelatinous substance. This appear¬ 
ance was due to the water held by the root hairs. However after 8-10 
days new growth was straight and had fewer root hairs. 
An interesting development was noted with 6 day old oat roots grown 
in the 25 per cent NH^/75 per cent NO^ solution. It was observed that a 
2 mm, section at the root tip contained no root hairs, the next 3 mm. had 
a large mass of root hairs, the next 1-2 mm, contained no root hairs, while 
beyond this many root hairs were observed (figure 5). No explanation is 
offered for this observation. In figure 5 a cover clip was used which 
tended to push root hairs into the empty area in the center of the photo. 
One can imagine the tremendous surface area involved in this mass of root 
hairs. Wheat roots grown in water were white, coarse, short and wire like. 
Figure 5. Projected image of oat root indicating root 
hair development. Approximately 30x magnification. Six 
day old root, grown in 50 ppm. (25 per cent - 75 per 
cent NO3). The root tip is to the left. The cover slip 
pushed some root hairs into the area in center which was 
completely void of root hairs. 
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Barley roots grown in the nitrogen level solutions were long and white 
and usually had laterals developing near the seed after 8-10 days. The 
roots produced in the 33 ppm. N. solution had many fine root hairs. 
Barley roots grown in the 1 ppm. solution produced greater fresh weight, 
were longer, and had fewer root hairs. 
Although barley roots grown in the 25 per cent NH /75 per cent NO 
4 3 
solution did not appear to have root hairs, root hairs were observed 
under a bioscope. The photographs in figures 6 a-f were taken of the 
image of successive sections of an 11 day barley root projected on paper 
by a bioscope. Root hairs were present over most of the root surface in¬ 
cluding the laterals. 
It was observed that physical handling or washing of roots resulted 
in the breaking and loss of some root hairs, and large losses could 
appreciably contribute to changes in C.E.C. and adsorption values. When 
roots were removed from the nutrient solutions and washed with water some 
colloidal material remained in the wash water. Even washed roots placed 
in water into which air was bubbling would produced a colloidal suspension 
in water. Since the root surface area is large in relation to dry weight 
even an appreciable loss o,f root hairs or surface tissue would not appre¬ 
ciably affectthediy weight values. To reduce loss of root material and 
adsorbed cations, washing and handling was kept at a minimum and each group 
of roots received similar mechanical procedures. 
(d) Preparation of H Saturated Roots. 
Two methods were used to produce H saturated roots. Investigations 
were conducted on each of the methods. 
(1) Electrodialysis 
To prepare H saturated roots by electrodialysis the excised roots were 
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washed and approximately 30 g. were placed in a semi-permeable (Visking) 
membrane bag. Hereafter"bag''will refer to Visking membrane bags. The 
bags were then filled with water. Three or four of these bags were 
placed in the center compartment of a dialysis cell consisting of three 
compartments each of about 200 ml. volume. The center compartment was 
separated from the other two by semipermeable membranes. A monel metal 
screen 3.5 x 5 inches was placed in one compartment as the anode, while a 
platinum screen served as the cathode in the other outside compartment. 
The compartments were then filled with water. The temperature of the 
system was kept below 30°C by means of a cooling coil placed in the center 
compartment. In addition, ice water was used for refilling the drained 
compartments and for refilling the individual bags. 
One hundred and twenty volts DC was applied across the electrodes 
and the current was kept below 2.0 amps by flushing the cathode and center 
compartments and refilling them with cold water (2-5°C). This served to 
reduce the temperature and to lower the conductivity of the system by 
removing the cations released from the roots. The process was discontinued 
when, after flushing, the amperage remained at about 0.02 amps. This 
usually required 60-80 minutes depending on the weight and nature of the 
roots. 
The anode compartment was not flushed until the process was nearly 
complete since to flush earlier resulted in a false stopping point because 
the amount of anions released was so much lower than the amount of cations. 
After flushing the anode compartment there was very little release of 
anions and as a result the conductivity and amperage of the system remained 
low. 
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(2) Acid Dipping 
The other method used to produce H saturated roots consisted of 
dipping the excised roots in relatively dilute HCl, thus exchanging H 
ions for the cations adsorbed on the exchange sites. Excised roots were 
washed and placed in cold (2-5°C) 0.05 N HCl for 5 minutes. The roots 
were then removed and placed in 3 successive 5 minute cold water rinses. 
The roots were then placed in a fresh volume of cold 0.05 N HCl for another 
5 minutes followed by 3 additional, five minute cold water rinses. The 
roots were agitated during the treatments and air was bubbled into the 
solutions at all times. The ratio of 10 to 15 grams of fresh weight of 
roots to a liter of acid was maintained. Usually 3 rinses were sufficient 
to remove Cl" from the roots when tested with AgN03. Unless otherwise 
indicated, this was the standard "dipping"treatment used. Discussion and 
data on the results of these two methods will be presented elsewhere, 
(e) Determination of Root C.E.C. 
Fifty ml. of 2N KCl was added to 400 ml. beakers and evaporated on a 
steam bath, dried in an oven for 48 hours at 95°C, placed in a dessicator 
to cool for one hour, removed, and weighed within one minute after removal 
on a Mettier single pan balance Type H5. Roots which had been electro- 
dialyzed were centrifuged in an 8 inch basket centrifuge at 2000 RPM for 
approximately one minute. The roots were then divided into 3 portions by 
weight (3-6 g.) and each portion was placed in a tared 400 ml. beaker. 
To each tared KCl beaker 100 ml. of water had been added producing a solu¬ 
tion of IN KCI. The pH of the KCl solution before adding the roots was 
about 6.0. 
The electrodies of a Beckman Model G pH meter were placed in the solu¬ 
tion with the roots and the initial pH recorded. This initial pH indicated 
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the range of root C.E.C., i.e., low, medium or high. At time zero O.OIN 
KOH was rapidly added, with stirring, to bring to pH to 7,0 where it was 
maintained by adding small increments of KOH as acidic drift occurred. 
Figure 15 illustrates that increased increments of base were required with 
time. The titration was arbitrarily stopped at the end of 5 minutes be¬ 
cause this was a minimum time necessary to establish a relatively constant 
drift. The electrodes and stirring rod were washed with water and removed. 
The beakers were dried as before and weighed, and the C.E.C. was calculated 
and expressed as millequivalents per 100 g. dry weight of roots (me./lOO g.). 
Acid dipped roots were titrated in the same manner except that they 
did not receive the centrifuge treatment. The excess water was drained 
from them before placing them in the KCl. 
(f) Preparation of Clay Sols. 
Four hundred g. of Na Wyoming bentonite was added slowly to 20 liters 
of water in a large glazed crock. An egg beater type mechanical stirrer 
vigorously stirred the solution for 8-10 hours. The sol was allowed to 
stand for 24 hours or more to allow for settling of the larger particles. 
This produced a 2,5-3.0 per cent Na sol. Hereafter, "clay" refers to 
Wyoming bentonite. The Na clay sol was siphoned from the crock and was 
passed through a H ion resin column consisting of 4 sections, each of 
which contained 100 g. of Ambertite IR-112 resin in the H form. The rate 
of flow did not exceed 50 ml. per minute. The pH of the resulting H clay 
was 2.0-2,4 depending on its concentration. Usually after each 20 liters 
of Na clay, the colum was regenerated by passing through it 2 liters of 
N HCl and enough water to remove Cl" from the column (AgN03 test). 
Since a H clay on standing will change to a H-Al clay (1) a hydro¬ 
meter method was used to estimate the dry matter content and to allow the 
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pH of the clay sol to be raised above 5.0 shortly after preparing the 
clay rather than after waiting the 24 hours necessary for a dry weight 
determination. A Bouyoucos soil hydrometer was placed in the H clay sol 
and the per cent dry matter was estimated from the hydrometer. This 
method was found to give values within 0.2 per cent of dry weight values. 
Using a C.E.C. value of 100 me./lOO g. for the clay, enough 0.04N 
Ca(0H)2 was added to the H clay sol to produce 96 per cent Ca saturation. 
After 24 hours small increments of Ca-ifilS) ^ were added twice a day until 
an equilibrium pH of 6.95-7.0 was maintained. A Ca clay sol with a pH of 
7.0 was considered 100 per cent Ca saturated. 
Dry weight samples of the 100 per cent Ca clays were determined as 
it was found that the hydrometer would not register in the Ca clays. 
This was apparently due to a structure formation of the Ca clay sol be¬ 
lieved caused by the attraction of negative and positive charges on clay 
particles (15). 
To prepare Ca-H clays with various Ca/H ratios, a fresh H clay was 
prepared and adjusted with water (using the hydrometer) to the calculated 
per cent sol of the 100 per cent Ca clay. Volumes corresponding to the 
ratio of Ca/H were combined and stirred together. Based on dry weight 
samples of both the Ca and H clay sols, a more precise ratio was then 
calculated. 
(1) Ca Clay Preparation - characteristics and techniques 
It is important to add Ca(0H)2 to the H bentonite as soon as possible 
after preparation to prevent the formation of large amoiuxts of exchange¬ 
able aluminum. Samples of H clay were titrated with NaOH two hours after 
preparation and 72 hours after preparation of the H clay. The plot of 
these two titrations is presented in figure 7. The marked increase in the 
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buffering capacity of the 72 hour H clay was attributed to A1 from the 
breakdown of the clay (5) or to A1 being replaced by H in the lattice (1). 
The 72 hour curve is similar to that obtained by Low (23) in the titration 
of a H-Al bentonite with NaOH. Above a pH of 6,0 the aluminum exists as 
a form of A1(0H)2 and does not occupy exchange sites. After only two 
hours standing some evidence of exchangeable aluminum was noted. The 
alinninum concentration found in a H clay which had been standing 2 months 
was found to be 0.4 me./g. or 40 per cent of the exchange capacity of the 
clay. No exchangeable aluminum was foiand after 1 month in a bentonite 
that was 92 per cent Ca saturated by titrating a newly prepared H clay to 
pH 4.8, within 72 hours. At a pH below 5 the possiUlity exists that the 
"so called" Ca-H clay systems were in fact, Ca-H-Al clay systems. This 
was realized although they were designated as Ca-H clays. The Na content 
of newly prepared H clay was found to be less than 0.005 me./g. as measured 
by the flame photometer. 
It was observed that when enough 0.04N CaCOH)^ had been added to a 
H-bentonite to produce a pH of 7,0 (1.7 per cent sol, 100 per cent Ca 
saturated clay), the sol would flocculate slightly if allowed to stand 
undisturbed for 2 or 3 weeks. This prodiiced a clear supernatant solution 
above the clay. The Ca concentration of this clear solution was found to 
be 8.0 X 10”^ or 32 ppm. as measured by the flame photometer. When a 
sample of this clear solution was placed in a bag and the bag was placed 
in water, equivalent concentrations were found within and outside the bag 
after 24 hours. This indicated that the Ca measured was not adsorbed on 
clay particles suspended in the clear solution. A Cl content of less than 1 
X 10"^, or about 5 per cent of the Ca concentration in the clear solution, 
was obtained with AgN03 on the supernatant solution. The nature of the 
other anions associated with 
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ml. 0.1185N NaOH 
Figure 7. Titration curve of H-bentonite. 
32 
C« was not established. However, It la assumed that some of the calcium 
In the supernatant was present as a Ca .salt possibly associated with 
silica dissolved from the H clay or free anions present In the clay origi¬ 
nally and not removed by the H-resln reaction. 
(g) Methods of Root - Ca Clay Reaction. 
Three methods were used for reacting excised roots with clay sols. In 
the Initial experiments the clay sol was placed In a scmlpermeable membrane 
(Vlsklng) bag which was double knotted at both ends. This bag was placed 
In an erlenmeyer flask containing water and the excised roots. Forced 
aeration of the water was accomplished by means of a capillary tube. In 
a second aeries, excised roots were placed directly Into the clay sol. 
In the final experiments 50 ml. of water and the excised roots to be reacted 
were added to a bag knotted at one end. These bags were suspended In 3 
liters of the appropriate clay sol (figures 8a, 8b). Forced aeration was 
provided In each bag by a capillary tube placed through a hole In the 
stopper holding the bag of water containing the roots. The clay sol was 
kept In agitation by forced aeration. 
(h) Analysis of Plant Material. 
Roots were wet ashed with nitric and perchloric acid, were made up 
to volume containing 50 ppm. Ll as an Internal standard. Calcium, Na, 
and K were determined with a Perkln-Elmer No. 146 flame photometer. 
Total nitrogen. Including nitrates, was measured by the KJeldahl 
reaction. 
(1) Evaluation of Techniques. 
(1) Differences In Root C.E.C. Values; electrodlalysls vs. acid 
dlpplnK. 
The C.E.C. values for a given set of roots vary depending upon the 
techniques used. These differences arise chiefly as a result of the method 
Figure 8a* Technique for suspending bags containing 
water and roots In 3 liters of clay sol. 
Figure 8b. Arrangement 
of system for reacting 
roots with 3 liters of 
clay sol. An air outlet 
Is placed In each bag of 
roots In addition to 
forced aeration of the 
clay In each pot. 
34 - 
of saturating the roots with a particular cation and/or from the method 
of titration used (tables 5-6). Workers have reported higher C.E.C. 
values for roots that have been electrodialyzed than for those dipped in 
acid (6, 17, 34), Smith and Wallace suggest the possibility that electro¬ 
dialysis may remove materials adsorbed on the root surfaces, which are 
not removed by dipping in acid, and may also provide a more complete ex¬ 
change of any precipitates or salts somewhat incorporated in the root 
surface (34). The possibility of effects of dialysis on the permeability 
of the cell walls must also be considered. 
The author found that 5 to 10 minutes of electrodialysis (120 volts D.C. 
0-1 amp.) of the roots of intact barley plants killed the existing roots 
although the plants produced some new roots near the seed after being 
replaced in the nutrient solution (figures 14a, b, c). The same effect 
was obtained with O.IN HCl after a 5 minute dip (figure 9c). Roots dipped 
in 0.05N HCl for two, 5 minute periods appeared to suffer no ill effects 
when compared with controls after being replaced in the nutrient solution 
(figure 9b). Plants whose roots were dipped in IN HCl for 5 minutes died 
in about 2 days. 
Thus, there was an important difference in the severity of the two 
treatments on living roots and it was not surprising that it would be 
reflected in C.E.C. determinations. The standard method of dipping roots 
in this laboratory consisted of two, 5 minute dips in cold (2-5°C) 0.05N 
HCl with three, 5 minute rinses in cold (2-5°C) water after each acid dip. 
Smith and Wallace dipped a sample of rough lemon cutting roots in 
0.002N HCl for 20 minutes and measured a C.E.C. of 14.9, redipping the 
same sample for 10 minutes gave 19.2, then electrodialyzing these same roots 
gave 22.4 me./lOO g. After the electrodialysis further dippings or a 
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TABLE 5 
Effect of HCl dipping and electrodialysis on C.E.C. of excised barley 
roots, 10 day old, 10 ppm. nitrogen nutrient solution 
Treatment Group A Group B Group C Group D 
Excised, washed, dipped 13.7 10.9 13.2 12.3 
in 0.05N HCl immediately 13.1 11.4 13.6 12.8 
Excised, refrigerated 24 8.35 10.0 10.1 10.3 
hours in water, dipped in 
0.05N HCl 
9.25 9.7 10.2 10.8 
Excised, refrigerated 24 19.9 19.4 21.1 22.4 
hours in water, electro- 
dialyzed 
22.4 20.3 18.7 23.3 
TABLE 6 
Comparison of C.E.C.of dipped and electrodialyzed 
barley roots grown at 3 nitrogen levels 
Treatment 1.0 ppm. N 10 ppm. N 33 ppm. N 
Excised, washed, dipped,* 8.5 10.6 13.5 
refrige^ted in water for 8.9 10.4 14.2 
r . 1 24 hours 8.7 11.2 — 
Excised, washed, dipped,* 12.5 mm - 
refrigerated in water for 12.2 - - 
f 24 hours,redipped 12.2 — •• 
Excised, refrigerated in 15.2 29.2 24.2 
water for 24 hours. 15.9 22.6 25.6 
electrodialyzed 15.6 25.1 27.0 
* Standard Acid dip. 
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second electrodialysis produced no change in the C.E.C. of the sample. 
Crooke (8) and others (22) reported goood correlation between C.E.C. 
values and pectin content of roots and storage tissues. It was suggested 
that the C.E.C. was mainly due to the demethylated carboxyl groups of 
pectin methyl esters (22). The possibility exists that electrodialysis 
may cause the demethylation of some of these methyl ester groups and this 
partly accounts for a high C.E.C. value. The C.E.C. obtained by electro¬ 
dialysis or acid dipping may be much larger than the functioning C.E.C. 
of a living root. 
(2) Studies of dipping techniques. 
The dipping of roots in acid was considered as a method of producing 
roots which would be low in easily displaced (exchangable plus free space 
and others) cations for reaction with clays for Ca adsorption studies. 
This would increased the magnitude of Ca adsorption and would reduce the 
amounts of K, Na, and Mg released to the Ca-H clay systems. This release 
of exchangable K, Na, and Mg by roots may change the Ca activity in the 
Ca-H clay systems. In order to gain some information on this process, some 
pilot experiments were conducted. Groups of 25 seeds were planted on screens 
placed on Stryofoam as outlined previously. The intact plants were re¬ 
moved after 10 days growth, the roots were washed, then treated, washed 
and replaced in the nutrient solution. Two hundred and fifty ml. beakers 
containing 200 ml. of cold (2-5°C) acid were prepared. An air line of 
capillary tubing was placed in each beaker (figures 9a, 10). 
After the roots of a group of plants had been dipped in a beaker the 
solution was dried and the Na, K, and Ca were analyzed with a Perkin-Elmer 
flame photometer No. 146. 
The following observations were noted: 
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Figure 9a. Technique of 
groving roots for dipping 
Intact roots In acid. 
Figure 9b. Effect of acid 
dipping on intact barley 
roots. Five minutes in 
0.05H HCl - left. Control 
roots • right. (Hote new 
white roots). 
Figure 9c. Effect of acid 
dipping on intact barley 
roots. Five minutes in 
O.IN HCl - left. Control 
roots - right. (Hote new 
white roots). 
Figure 10. Diagram of method of reacting 
intact roots with acid. 
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1. Roots of intact plants (barley) dipped in 0.05N HCl for 5 minutes 
or less seemed to suffer no ill effects when compared with the 
control roots after replacement in the nutrient solution, 
2. No ill effects were noted when the first dip was followed by a 
5 minute wash in cold water and another 5 minute dip in fresh 
0.05N HCl. 
3. A O.IN NCI dip for 5 minutes killed the existing roots although 
some new roots developed near the seed after the treatment. 
4. Roots dipped in IN HCl showed visible browning and death within 
2 or 3 days. 
Results of the removal of Ca, Na and K from these intact barley roots 
by 200 ml. HCl are presented in figures 11a, b, c, 12. These data indicate 
possible trends only since not all the seeds in each group germinated, dry 
weights were not obtained and the root C.E.C, was not measured. 
The results presented in figure 11a were obtained by placing the roots 
in 200 ml, of O.IN HCl for the time indicated. The roots were removed, dipped 
in water for 5 minutes and were dipped a second time in a fresh volume of 
acid. The total cations removed increased with the length of dip. The second 
dip removed nearly as many me, as the first dip. Figure lib presents the 
results obtained with a single dip in O.IN HCl for the times indicated. Again, 
total me. removed increased with time. Figure He presents data from figure 
lib with additional data from longer periods of dipping. Figure 12 presents 
data obtained by 5 minute dips in HCl of various normalities. 
The trend indicated that more cations are removed as the normality is 
increased, however, the cation release data were inconclusive at low normali¬ 
ties, Note the large increase from 0.1 to l.N HCl. Assuming 0.1 g. of 
roots,with a C.E.C, of 20 me./lOO g., 0.02 me, of ions would have had to 
Figure Ha 
Cations removed by acid dipping of intact barley roots 
with time, first and second dip# .(0*1 N HCl).. Variable 
amount of roots 
Time 
(minutes) 
Figure lib 
Cations removed by acid dipping^of intact barley roots 
with time* (single dip - 0,1 N HCl). Variable amount 
of roots. 
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Figure IXc. Cations removed by acid dipping of 
intact roots with time. (0.1 N HCl) 
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Figure 12. Cations removed from intact barley roots 
by dipping in various normalities of KCl. (5 minutes) 
me. 
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have been removed for complete exchange. It appeared that 2 dips in 
O.IN HCl for 5 minutes each removed approximately that amount (figure 11a). 
However, since O.IN visibly harmed the roots it was reasoned that two dips 
of 5 minutes each in 0.05N HCl would be used as a treatment for lowering 
easily displaced cations in roots to be reacted with clays. This treat¬ 
ment apparently did not harm the roots while considerably lowering the 
total cations in the roots. 
(3) Cations removed as related to root C.E.C. 
As a further investigation of the relationship between acid dipping, 
cations removed, and C.E.C., barley plants were grown in the growth room" 
for 10 days in the 10 ppm, nitrogen solution. The roots were excised, mixed 
well, and, using a ratio of 60 g, of fresh roots to 3,7 liters of acid, 
were treated as follows: the roots received either 1, 2 or 3 successive 5 
minute dips in cold HCl with three, 5 minute cold water rinses after each 
dip. The roots were agitated and air was bubbled into the solutions at 
all times. The acids used were O.IN, 0.05N, and O.OIN HCl. The roots 
were then divided into two groups, one for C.E.C, measurements and the 
other for Ca, K, and Na analysis. Control roots which had received no 
treatment were also analyzed. The data for changes in C.E.C. (table 7) 
seemed to indicate that the C.E.C. values increased slightly as a result 
of the increased normality and increased number of dips. The C.E.C. of 
barley roots grown in 10 ppm, N was 18-20 me./100 g. as measured by 
electrodialysis. 
When compared with control roots the total me. (Na, K, Ca) removed 
was found to increase with severity of treatment (figure 13), One dip 
in O.IN HCl removed more me, of cations than 3 dips in 0,05N HCl. The 
data suggest that 2 or 3 dips in O.IN HCl may have approached the total 
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TABLE 7 
C.E.C.- of barley roots dipped in cold HCl for 5 minutes 
No. of dips 0.1 N HCl 0.05 N aci 0.01 N HCl 
1 8.45** 9.29 8.92 
2 9.61 9.23 8.83 
3 9.86 9.25 9.16 
* mean of 3 values 
**altered technique (less agitation during reaction) 
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Figure 13* Cations removed from excised barley roots 
by 5 minute acid dips. Control roots = 0.546 me./g. 
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ions removable by dipping in acid. 
The relative amoxmts of Na, K and Ca in the control roots was foxmd 
to be Na-81.7, Ca-16.5, and K-1.8 per cent, however, after 3 dips in O.IN 
HCl the relative values were Na-30.3, Ca-67.9 and K-1.8. Thus Na is the 
cation most easily removed by the dipping method and probably would be 
the one giving greatest cation contamination in the measurements of Ca 
adsorption from clay systems using roots not dipped in HCl. 
The migration of free cations from within the root to exchange with H 
ions on the exchange sites of the H saturated roots stored in water would 
account for the decrease in C.E.C. found when barley roots were not titrated 
until 24 hours after H.saturation. In fact, soaking fresh washed roots for 
5 hours in water removed a total of 0.035 me./g. of Na, K and Ca from the 
roots. 
The following summary can be made concerning the dipping of live or 
excised roots in HCl under the conditions tested. 
1) The C.E.C. of dipped roots was found to be approximately 1/2 of that 
obtained by electrodialysis, 
2) C.E.C. appeared to increase slightly with increases in number of dips 
and with increased normality of HCl. 
3) Total cations removed increased with the number of dips, length of dip 
and normality of HCl, reaching approximately 80 per cent of the cations 
in the controls. 
4) Na was present in the root in much greater percentages than K and Ca. 
Na was most readily depleted. Dipping removed relatively less Ca.than 
Na or K. 
5) One dip in O.OIN HCl removed more me, of Na, K and Ca than could^ 
attributed to the C.E.C. by dipping, indicating removal of free space 
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or internal cations (easily displaced cations). 
6) Three dips in O.OIN HCl or 2 dips in 0.05N HCl removed more cations 
than could be attributed to the electrodialyzed C.E.C. 
7) It is believed that unless cations in excess of thos attributable to 
C.E.C. are removed, contamination of exchange sites and possibly clay 
systems could occur by the outward migration of cations from within 
the roots. 
8) Roots dipped twice in 0.05N HCl continued to live and appeared normal. 
This was chosen as a standard treatment for producing H roots by the 
dipping method, 
(4) Some effects of electrodialysis on intact roots 
The intact roots of three groups of 75-100 barley plants were placed in 
the center compartment of the dialysis cell (120 volts D.C, - 0.1-0.2 amps) 
for 5, 10, and 20 minute periods. After the treatment they were placed in 
the nutrient solution and observed. Figures 14 a,b,c show the effects of 
the treatments on the roots 5 days after treatment. Note that 5 minutes 
(figure 14b) of treatment severely damaged the roots, however, the plants 
did not die. Some new roots began to appear, but the treated roots turned 
brown. With 10 minutes of treatment, after 2 days, the top growth began 
to turn yellow and only a few new roots developed. Existing roots appeared 
very severely damaged. 
The solutions removed from the center and cathode compartments were 
dried and analyzed for Na, K and Ca by the flame photometer. The data are 
presented in table 8, 
(5) Nature of centrifugate from electrodialyzed roots. 
After electrodialysis the roots of each treatment were wrapped in 
cheesecloth and all were placed in the basket of the centrifuge. The 
centrifugate was collected in a beaker, and the pH and titration 
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Figure 14a. Effect of electrodlalysis on intact barley 
roots. Control • left, 5 minutes - center, 10 minutes * 
right. (120 volts, 0-1 amp.). 
Figure 14b* Closer view of electrodialysed Intact barley 
roots* Control • left* Five minute treatment - right* 
Figure 14c* Closer view of electrodlalyzed Intact barley 
roots* Control - left. Ten minute treatment • right. 
TABLE 8 
Cations removed by electrodialysis of intact barley roots 
Time of dialysis Total me, Na, K, Ca removed 
minutes cathode center 
5 0.324 0.029 
5 0.353 0.021 
10 0.499 0.013 
10 0.492 0.021 
20 sample lost 0.023 
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values of this material were measured (table 9). The combined material 
obtained from electrodialyzed wheat, oats, and barley roots was found to 
be colloidal in nature having a pH of 3.26. Some of the material was 
filtered and refrigerated and some was left at room temperature unfiltered. 
The filtering appeared to have removed some titratable H, probably 
due to the removal of root hairs and pieces of roots. The addition of KCl 
appeared to result in the exchange of H for K when titrated to a pH of 
7.0, The titration curve of the 50 ml. untreated sample is presented in 
figure 16. It gave evidence of a large amount of buffering as indicated 
by the slope of the curve. It is reasoned that dialysis or the centrifuge 
process may rupture some cells and this buffering was probably due to 
organic acids and proteins removed from the root cells. The opening of 
cells may expose new exchange sites both within the cells and on broken 
cell wall edges. This may account for part of the increased C.E.C. of 
electrodialysis over the dipping method. Time did not permit any further 
study of the situation, 
(6) Variations Arising from Techniques 
The variation in electrodialyzed root C.E.C. between replicated pans 
in the growth room is indicated in table LO.- . 
Variation in barley root C.E.C. by the standard acid dipping techni¬ 
que produced significant differences at the 5 per cent level between posi¬ 
tions of 4 random samples within a pan and between 4 replicated pans grown 
in the growth room in the 10 ppm, N solution. The largest difference, 
however, was only 2 me./100 g. It is not known whether this difference is 
actually due to variation in C.E.C. or in the dipping technique. The 
variation between titrations of 3’ subsamples 1 . was small, averaging 0,3 
me./lOO g, (C.E.C. of 9 me./lOO g.). However in both cases differences 
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TABLE 9 
Characteristics of centrifugate. - 50 ml. 
of colloidal solution titrated with 0.011 N KOH 
Pre-treatment pH Salt added Acidic drift Me. H at pH 7.0 
filtered and ref. 3.26 none none 0.144 
filtered and ref. 3.41 50 ml. 2N KCl none 0.158 
none 3.26 none none 0.153 
none 3.42 dried KCl equiva¬ 
lent to 50 ml. 
2N KCl 
none 0.172 
TABLE 10 
Variation in root C.E.C. between replicated pans 
1 ppm i.N 10 ppm.N 33 ppm.N 
Wheat 14.22 14.72 14.72 15.33 17.73 18.28 18.30 20.92 .. 
Barley 12.46 12.63 13.33 13.97 . 17.67 18.75 23.19 23.. 
Each value represents the average of 3 titrations. Duncan's test 
indicated differences at the 57o level.(36). 
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cl. KOH 
0.0108N 
Time (minutes) 
Figure 15. Titration curve of H-saturated barley roots. 
(0.0108 N KOH) 0.33 g. dry wt, of roots. 
Figure 16. Titration curve of 50 nl. sanple of centrifugate 
from electrodialyzed roots. (O.Oll K KOK) 
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between replicated pans were small when compared with differences in 
C.E.C. produced by the 1.0 ppm. N and 33 ppm. N solutions used to produce 
the roots for the final clay-root reaction (page 73). 
No variation in Ca content per g. of ashed roots was found when 
barley roots from a single pan were separated into 7 sections and each 
section divided into 5 replicas, ashed and the Ca measured on the flame 
photometer. 
No contamination by clay adhering to roots occurred from direct con¬ 
tact between excised roots and Ca clay as indicated in the following study. 
Approximately 140 g. of barley roots were excised, mixed thoroughly, and 
placed in 9 liters of O.IN CaCl2 for 10 minutes for Ca saturation. Forced 
aeration and stirring kept the roots agitated. The roots were removed and 
washed with water vmtil Cl" free. The roots were placed in a 100 per cent 
Ca clay sol and agitated as above for 10 minutes. The roots were removed 
from the clay and divided into 10 samples, 5 of which were stirred in 5 
successive beakers of 250 ml. water, while the other 5 received 10 successive 
washes in 250 ml. of water. Control roots (CaCl2 treated) were washed in 
water 3 times. All roots were dried in tared beakers, ashed and analyzed 
for Ca by the flame photometer. There was no significant difference in Ca 
content at the 5 per cent level between unreacted and clay reacted roots, 
and there was no difference in Ca content between 5 and 10 washes. 
(7) Clay-Water Equilibrium Systems 
The initial clay-ropt reactions were carried out in erlenmeyer flasks 
containing water, roots and a bag containing the clay sol. Air was bubbled 
into the flasks throughout the reaction time. The amount of Ca released 
by the clay to the water was measured by placing bags of various Ca-H ratio 
clays in different volumes of water (figures 17a, b, c). A volume of 500 ml. 
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Figure 17a. Total Ca released by membrane bags 
containing Ca-H bentonite to water. ( 1 g. of clay) 
Figure 17b. me. of Ca/liter released by membrane 
bags containing Ca-H bentonite to water. ( 1 g. of clay) 
m
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Figure 17c. Me, of Ca/liter released to 500 ml. 
of water by membrane bags containing Ca-H bentonite. 
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of water to approxinately 1 g. of clay was chosen as the water/clay ratio 
to be used since the total Ca released was relatively constant as the 
S 
voluae of water increased froa 500 to 1000 *1., of water was added. 
The data for aoc, Ca. per liter of Ca released vs. per cent Ca satura¬ 
tion are presented in figure 17b. The data for the me. of Ca released vs. 
per cent Ca saturation are presented in figure 17c. Hote that there was 
a sharp decrease in Ca released as the per cent Ca saturation decreased, 
indicating an insignificant Ca release and probably low Ca availability 
in the range below 50 per cent Ca saturation. The per cent Ca saturation 
of the clay system decreased 4-5 per cent for the 100 per cent Ca clay 
and 1 per cent for the Ca in the 55 per cent Ca clay, when eqiiilibrated 
with 500 ml. of water per g. clay. 
Calcium was lost,even when excised roots were reacted in the above 
systems, from dipped roots in all clay system with 70 per cent or lower Ca 
saturation. There was no gain in Ca by roots reacted with 100 per cent 
Ca systems unless the roots had been dipped in .05H HCl (standard treatment). 
This large change in per cent Ca saturation of the clay in eqiiilibrating 
with the water is a possible explalnation for the low Ca availability or 
adsorption by the roots in the above systems. 
It is believed that some free salts were present in the bentonite 
systems as indicated by the following: Samples of a 100 per cent Ca and a 
75 per cent Ca clay were placed in a bag which was then placed in 500 ml. 
of water for 24 hours. The water was removed and another 500 ml. of water 
was added for another 24 hoiirs. The total Ca removed by the 4 solutions 
was measured with these results: 100 per cent Ca clay 1st-1.98 mg, Tnd- 
0.55 mg, 75 per cent Ca clay lst-1.18 mg, 2nd-0.28 lag. Hote that more Ca 
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was released by the 75 per cent Ca clay the first time than by the 100 per 
cent Ca clay the second time. If no salt were present this would not 
happen since the total Ca removed from the 100 per cent Ca clay would only 
decrease its per cent Ca saturation by 12-15 per cent if no salt was 
assumed present. Thus it appears that free salt was removed with the water 
in the first reaction and thus not present for the second reaction which 
accounted for the data obtained. Similar data were found for 200 ml, and 
1000 ml, of water. 
In order to provide a system less subject to Ca depletion it was decided 
to suspend a bag containing the roots and 50 ml, of wateriin a large volume 
of clay. Thus the Ca removed by either the water or the roots would be a 
small part of the total calcium in the system. It was found that the Ca 
equilibrium between the clay sol and the bags containing 50 ml. of water 
was established within 24 hours. 
The Ca concentration in the water within the bags was found to be the 
same as that found in the clear solution above the clays when clays, varying 
from 70-100 per cent Ca saturation, were allowed to settle. The Ca concen¬ 
trations provided by these systems with various Ca-H ratios are presented 
in figure 18a, The data for pH vs. per cent saturation of these same 
systems are presented in figure 18b, Note that although the pH continued 
to decrease as per cent Ca decreased the measured Ca concentration seemed 
somewhat erratic and is not understood though repetition the procedure gave 
essentially the same results. The possibility of different degrees of 
bonding strength for the Ca ion at different per cent Ca saturations may be 
indicated. 
The calculated change in per cent Ca saturation of clay systems by the 
total Ca removed was always less than 1 per cent, hence, changes in per cent 
Ca saturation due to removal by water or roots did not seem important. 
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80 -85 90 95 100 
Per cent Ca saturation 
Figure 18a. Ca concentration (ppm.) in membrane bags 
containing 50 ml. of water equilibrated with Ca - li 
bentonite systems. 3 liters-1.5 per cent sol* 
Figure 18b. pH of Ca - H bentonite at various per cent 
Ca - H saturations. 3 liters-1.5 per cent sol. 
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(a) Nitrogen Effects on Root C,E.C. 
(1) NH^/NOct Ratio 
Three cereal species (wheat, oats and barley) were each planted in 
separate groups on a single screen placed over a 7 liter pan in the 
greenhouse. Each of six pans received a different NH^/NO^ ratio nutrient 
solution (table 1). After 14 days the roots were excised, electrodialyzed 
and the C.E.C, was determined by titration (table 11). 
A second experiment was conducted using three NH^/NO^ ratio solutions 
(table 13). In general, the root C.E.C. increased as the ratio of NH^/N03 
in the 50 ppm. N nutrient solutions decreased (tables 11, 13). Root C.E.C. 
of wheat was not increased in the second experiment by changing the NH^/NO^ 
ratio from 75/25 to 25/75. 
Wallace and Ashcroft (37) reported that the per cent nitrogen in the 
roots and tops of bush beans and rough lemon cuttings was highest in the 
all NH^ nitrogen solutions, however, dry weight production was much less 
than in NH4NO3 or all NO^ nitrogen solutions. Other workers (34,38,39) 
report similar results. Wander and Sites (39) found that the dry weight 
of rough lemon roots was low in all NH^ solutions especially when the pH 
was not controlled. It appears that relative nitrogen uptake in itself 
may not necessarily be the reason for poor growth. Among other factors 
the low pH, cation competition and low oxygen supply should be considered. 
Nightingale (30) indicated that so great an O2 concentration is necessary 
for an all NH^ nitrogen solution that this great level of O2 may be toxic 
to an all nitrate solution. The increase in C.E.C. and fresh weight 
production, (table 12), of the low Na solutions may indicate more favorable 
growth resulting from less cation competition, since the increases in 
C.E.C. seem to be related to the quantity of roots produced. If root C.E.C. 
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TABLE 11 
Root C.E.C. of 14 day old plants grown in complete nutrient solutions 
with different ratios of NH^/N03. Total of 50 ppm. nitrogen in each 
solution (each value is average of 3 titrations). Duncan's test 
indicated differences at the 5 per cent level. 
1007, NH^ 
07, NO3 
757, 
257, 
507, 
507, 
257, 
757, 
07, 
1007, 
757, 
25% low Na 
Barley 21.7 23.5 30.0 29.6 30.0 25.8 
Wheat 13.7 14.7 16.7 26.6 26.4 21.0 
Oats 15.2 23.5 25.4 28.8 25.7 30.2 
tr-zn_zj 
Root production (grams : 
TABLE 
fresh weight) 
12 
of NH^/NO ratio 
3 
solutions 
1007, NH4 75% 50% 257, 07, 75% 
07, NO3 257, 507, 757, 100% 25% low Na 
Barley 36 44 98 118 120 72 
Wheat 7 8 26 31 38 30 
Oats 13 38 40 90 ^52 40 
TABLE 13 
Root C.E.C. of 9 day old plants grown in the greenhouse 50 ppm. N (each 
value is an average of 3 titrations for each of 2 replicate solutions). 
Duncan's test indicated differences at the 5 per cent level. 
757, NO, 507, 257, 
257, NOJ 507, 757, 
Barley 
Wheat 
23.77 26.72_27.14 
23.13 23.98 _^.94 
Oats 26.06 28.61 30.20 
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is largely the result of the free carboxyl groups of pectin as indicated 
by Keller and Deuel and cited by Crooke (7), a high nitrogen content 
could be the result of low dry weight production indicating that normal 
growth did not occur in the high NH4 solutions and as a result the 
amount of free carboxyl groups due to pectin was decreased. 
(2) Nitrogen Level. 
Root C.E.C. values of barley, oats, and wheat were increased in each 
of 7 experiments by increased levels of N in the nutrient solution 
(table 14). However, it should be noted that in 3 of these experiments 
there were cases where root C.E.C. was not increased, or in some cases 
was decreased by one of the several increases in N level (tables 14, 15). 
The per cent N in both roots and tops and the root C.E.C. values were 
related and were increased by increasing levels of N in the nutrient so¬ 
lution (table 14). These data indicated that nitrogen was one of the 
factors of a balanced condition which influenced changes in C.E.C. The 
other factors which must be in balance are not known, however, the follow¬ 
ing data suggested that light and aeration may be important. Under green¬ 
house conditions (table 14) with high light intensity and different quality, 
the highest level of nitrogen (100 ppm.) produced an increase in C.E.C. 
while in the growth room under artificial light the 100 ppm. N solution 
produced a slightly lower value than the 33 ppm. N solution. 
As for oxygen, four groups of wheat roots were grown for 13 days, 2 
groups at 1 ppm. N and 2 groups at 10 ppm. N. By accident, the aeration 
system on one group at each nitrogen level was turned off for 3 days 
when the plants were 7 days old. The C.E.C. values obtained were: 16.4, 
and 17.0 (at 1 ppm. N) and 17.2 and 23.1 (at 10 ppm. N) respectively for 
non aerated and aerated solutions. Thus, it appeared that lack of oxygen 
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TABLE 14 
Effects of nitrogen level on root C.E.C. and per cent 
nitrogen in roots and tops. (Total N includes nitrates) 
Plant 
ppm. 
N level 
7oN 
Roots 
%N 
Tops C.E.C. 
Barley 1 2.03 3.70 14.7 
Greenhouse 10 - 4.70 17.6 
12 days 33 4,58 6.96 22.1 
100 5.41 8.21 25.2 
Barley 1 1.93 3.83 13.6 
Greenhouse 10 2.50 4.74 18.3 
12 days 33 4.58 7.30 21.3 
100 5.50 8.35 24.9 
Barley 1 1.92 3.93 15.6 
Greenhouse 10 2.59 4.71 25.6 
33 4.53 6.75 25.6 
Wheat HoO 1.24 4.02 9.5 
Growth room 1 2.62 4.15 17.0 
10 3.21 5.03 23.1 
Wheat* 1 2.17 3.60 14.6 
Growth room 10 3.38 5.00 23.2 
14 days 33 4.96 5.92 19.5 
100 5.51 6.46 18.7 
Barley* 1 1.88 2.98 17.4 
Growth room 10 2.48 4.32 20.8 
14 days 33 4.89 6.34 22.9 
100 5.34 6.87 20.5 
Oats* 1 1.66 3.33 21.6 
Growth room 10 - 5.28 23.2 
14 days 33 4.60 6.06 28.4 
100 4.80 6.24 32.3 
* IKincan’s test in Table. IS. indicated differences at the 5 per cent level 
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TABLE 15 
Effect of nitrogen level on root C.E.C. 
Plant 1 ppm, N 10 ppm, N 33 ppm. N 100 ppm. N 
Wheat 14,6 23,2 19.5 • 
00
 
Barley 17,4 20.8 22.9 20.5 
Oats 21.7 23.2 28.4 32.3 
Each species was grown separately under 1000 ft, candles in the growth 
room. Values presented are means of 3 titrations, Duncan's test in¬ 
dicated differences at the 5 per cent level. 
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lowered the root C.E.C. in the 10 ppm, N solution. 
Looking at all of the data on nitrogen effects on root C.E.C., one 
might get the impression that under a given set of growing conditions 
there is one nitrogen level and one NH^/NO^ ratio which will give a 
maximum C.E.C, value for a species. If either the nitrogen level or the 
NH^/NO^ ratio is changed, the balance required for maximum C.E.C. may be 
disturbed and lower root C.E.C. values may be produced. If the growing 
conditions are changed, different nitrogen values may become optional 
as indicated in table (14) with barley plants. 
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(b) Ca Clay Root Reactions 
(1) First Experiment. 
Barley roots were grown for 13 days in 10 ppm. N nutrient solution 
in the growth room and were excised and washed. A portion of the roots 
was dipped in acid (standard treatment) to remove cations. Twenty g. of 
dipped roots and 30 g. of undipped roots were added for direct contact 
reaction to six, one-gallon pots, each containing 3 liters of a 1.5 per 
cent Ca-H clay. The undipped and dipped roots were kept separate by 
placing the dipped roots in a plastic fly screen bag. Three 10 g. samples 
of undipped roots and two 10 g. samples of dipped roots were added to 
bags containing 50 ml. of water which had been equilibrated with the clay 
for 24 hours. These bags remained in the clay systems during the root 
reaction. Samples of both dipped and undipped roots which received no 
clay treatment served as controls. Air lines were placed in each bag and 
in the clay sol. All clay-root reactions were carried out in the growth 
room (temp. 66-70 F). After 24 hours the roots were removed; those in 
direct contact with the clay were washed 6 times with 600 ml. of water and 
those reacted in the bags were each washed 3 times with 250 ml. water. 
The roots were placed in tared beakers, weighed, wet ashed and Ca was 
measured by the flame photometer. 
The data in figures in 19a and 19b indicated the changes in Ca 
content of the reacted roots as compared with the control roots. Dipped 
roots gained much more Ca than those roots not dipped. In the bag, un¬ 
dipped roots (figure 19a) gained Ca in clay systems above 90 per cent 
Ca saturation but lost Ca to clay systems of 85 per cent Ca saturation 
or lower, while 80 per cent Ca saturation was the critical point for 
acid dipped roots reacted either in the bag or in direct contact with 
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with control roots. 
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100 90 80 70 saturation 
Figure 19b. Gain or loss of Ca by excised acid dipped 
barley roots reacted with Ca-H bentonite systems (24 hours) 
as compared with acid dipped control roots. 
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the clay (figure 19b). However, in direct clay contact, the undipped 
roots lost Ca to all except the 100 per cent Ca systems (figure 19a). 
The measured differences in Ca gain between dipped and undipped roots was 
expected since most of the easily displaced cations were removed by the 
acid dip and thus not present to coiiq)ete with Ca for exchange sites as 
they migrated out of the root. In addition, those roots dipped in HCl 
would have had little Ca adsorbed on their exchange sites, while imdipped 
roots would have had some part of their exchange sites binding Ca at the 
start of the clay reaction period and this would not be measured as a 
gain. With more sites and less competition for Ca adsorption, the dipped 
roots would be expected to gain more Ca as was evidenced by the data. 
Chemical analysis of the reacted roots showed that large amounts of 
Na and K moved from the roots into the clay systems. The data for the 
change in Na content of these roots as compared with controls is presented 
in figure 19c. Values for K were 30-50 per cent of those for Na. In 
comparing Na loss in the bag and in direct contact greater Na losses 
occured as a result of direct contact with the clay by undipped roots. 
There appeared to be a definite contact depletion effect (33) for Na and 
K. Note also that the loss increased as the per cent Ca saturation of the 
clay decreased. A possible explanation for this is that as the per cent 
Ca in the clay systems decreased the per cent H increased and thus more 
H was available for exchange with Na and K both on and within the root 
and, therefore, the depletion of Na and K became much greater. This 
exchange of H for Na and K could have accounted for the increased pH of the 
clays observed (in a later experiment, table 18) after the roots had been 
reacted in the clay 
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Figure 19c. Loss of Na by excised barley roots reacted with 
Ca—H bentonite systems (24 hours) as compared with control roots 
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systems. It was observed that CaCl2 and HCl react very differently 
with excised barley roots. Roots dipped in 0,1 N CaCl2 for ten minutes 
lost only about 12 per cent of their total Na and K while, as reported 
in figure 13, a 5 minute dip in 0.1 N HCl reduced the Na, K and Ca 
contents of barley roots by about 70 per cent of which only a small 
percentage was accounted for by Ca. The reason for this observation 
is not known, but pH effects on the roots could have been an important 
factor. Even those roots which were low in cation content as a result 
of acid dipping lost some Na and K to the clay systems. It is assumed 
that some of these cations removed from the roots were associated with 
anions thus increasing the free salts in the clay systems. What effects 
this contamination of Na and K and free salts had on Ca activity of the 
clay systems is not completely known. The Na and K concentrations in 
the bags containing the reacted roots were essentially constant (5-6 
ppm.) for all per cent Ca clay saturations. 
In all determinations, gain in Ca was greater for those roots 
within the bag than those roots in direct contact with the clay. Other 
workers have reported the opposite effect or no differences in ion adsorp¬ 
tion from direct contact and equilibrium solutions of clays (14, 18, 31, 
32) . Part of this difference in Ca gain may have been the result of the 
increased washes received by the direct contact roots due to loss of root 
hairs and Ca removed by the washing. The evidence obtained for greater 
Na and K competition by direct contact roots (figure 19c) indicated that 
Na and K may have influenced root Ca adsorption: 1) Na and K released 
from the roots by direct contact may have competed with Ca for exchange 
sites on the roots. 2) Release of Na and K and accompanying anions 
from undipped roots may have increased the salt concentration above that 
low salt 
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concentration necessary for Donnan effects to occur between the clay 
and the root (14). 
(2) Second Experiment. 
A second experiment was conducted with undipped excised 10 day 
old barley roots grown in the 10 ppm. N nutrient solution in the growth 
room. This experiment was conducted with a smaller range of per cent 
Ca saturated clay systems to investigate the Ca level at which no gain 
or loss of Ca occurred. The techniques used were the same as in the 
first experiment except that none of the roots were dipped in acid. 
Approximately 30 g. of undipped roots were placed in direct contact 
with the clays while 10 g. was placed in each of 3 bags. Upon removal 
all roots were washed 5 times using a root-water ratio of 10 g./25 ml. 
Calcium gain or loss was measured as above and the results are presented 
in figure 20, 
Roots in the bag and in direct clay contact gained Ca in systems 
above 92 per cent Ca saturation. Between 88-91 per cent Ca clay 
saturation little gain or loss of Ca by the roots in bags or in direct 
contact occurred. It will be noted that this is essentially the same 
result obtained in the first experiment. At 85 per cent Ca saturation 
losses occurred from the roots in the bag. (Direct contact at 85 per 
cent Ca was not measured since roots in direct contact lost Ca at 85 
per cent Ca saturation in the first experiment.) The Ca concentration 
in the equilibrium solutions in a series of clays containing no roots 
exhibited a slight change in Ca activity in the range of 88-92 per cent 
Ca saturation (figure 18a). It was suggested above that in this range 
there may have been differences in Ca bonding. A similar effect was 
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Figure 20. Gain or loss of Ca by excised barley roots reacted 
with Ca-H bentonite systesis (24 hours) as compared with control 
roots. 
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observed in the equilibrium solutions of the clay-root systems (table 
16) . The small change in Ca concentration in the equilibrium solutions 
between the 88 and 91 per cent Ca clay systems may explain these rela¬ 
tively small changes in Ca content of the roots in the 88-91 per cent 
Ca saturation range, 
(3) Third Experiment. 
A third experiment was conducted in which four pans of roots were 
grown at each of two nitrogen levels (1 ppm, and 33 ppm, N) in the growth 
room for 10 days,* The undipped excised roots from each pan were washed 
separately and samples were used for the following treatments: 1) Thirty 
grams were electrodialyzed, centrifuged and divided into 3 portions for 
titrations to obtain C.E.C. measurements; 2) Four, 12 g, samples serving 
as concrols were placed in tared beakers for ashing and cation analysis; 
and 3) Six, 12 g, samples were added to bags containing 50 ml. of water 
which had been suspended to equilibrate in the various clay systems for 
24 hours. The bags remained in the clay system during root reaction. Air 
lines were placed in each bag. In addition, each clay system contained 
one bag of water without roots. The specific treatments for the roots 
are indicated in table 17. The roots were removed after 24 hours and 
each sample was washed twice in 250 ml, of water, and placed in a tared 
beaker, dried, weighed, ashed and analyzed for Ca, Na and K by the flame 
photometer. The clay systems were prepared as before by. mixing 100 per 
cent Ca clay with H clay for the desir’ed 100 per cent Ca, 95 per cent Ca, 
90 per cent Ca and 85 per cent Ca saturation. (the actual per cent Ca 
saturations obtained were 100, 94.2, 88,6 and 83.3 per cent Ca.) Three 
liters of clay were placed 
* Statistical differences in root C.E.C. values were indicated in table 10 
(barley). 
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Table 16 
Cation concentrations in bags equilibrated with 3 liters of Ca 
during a 24 hour clay-root reaction period. 
Per cent Ca 
Saturation 100% 98% 96% 94% 91% 88% 85% 
Ca* 40.0 35.6 32.5 30.0 28.7 27.0 28.1 
Na* 13.7 8.7 8.2 10.0 8.7 9.7 8.7 
K* 4.7 2.5 2.5 2.5 2.5 2.5 2.5 
Ca** 38.8 34.1 32.5 31.3 30.0 28.1 25.0 
Na** 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
K** 4.4 3.8 2.5 2.5 2.5 2.5 2.5 
*Bags containing 50 ml. H2O and roots 
** Bags containing 50 ml. H2O - no roots 
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in each gallon pot (4 pots of 100 per cent Ca, 2 pots of 95 per cent 
Ca, and one each of 90 and 85 per cent saturation). Note that root 
samples from a pan of high and low nitrogen levels were reacted to¬ 
gether in a high and low per cent Ca clay system (table 17). Note 
also that samples from each pan were reacted in a system of 100 per 
cent Ca saturated clay** 
From the data in figure 21a it was observed that the roots gained 
Ca from clay systems of 95 and 100 per cent Ca saturation but they 
lost Ca at 85 and 90 per cent Ca saturation. This in general agreed 
with the results of the earlier experiments shown in figures 19a and 
20. It was observed that the roots (A-E) reacted in the 100 per cent 
Ca I clay system gained considerably more Ca than those in the other 
100 per cent Ca systems. No explanation can be given for this. The 
pH and the Ca concentrations in the bags of water in the system (table 
18) indicated that there was no difference in composition of the 100 
per cent Ca clays as would be expected since the 12 liters of clay 
were divided among the 4 pots. The data in figure 21a indicated that 
C.E.C. was a factor in the Ca gain or loss by the roots in the clay 
systems. (The two lines indicated on figure 21a are estimates of "best 
fit", and were not mathematically derived.) The data for the 100 per 
cent Ca systems are also presented in figure 21b and provide evidence 
of the relationship between the Ca gained and the root C.E.C. This gain 
or loss relationship to C.E.C. is reasonable since those roots with a 
higher C.E.C. would have more exchange sites per gram of roots capable 
of Ca exchange. Since the lines for high and low C.E.C. roots crossed 
near the point of no Ca gain or loss, this indicated that differences 
*The data for changes in cation content of roots .reacted in the 
100 per cent Ca systems are presented in table 19. 
G
ai
n 
o
r
 
lo
ss
 
o
f 
C
a 
-
-
 
m
g.
 
/g
 
77 - 
Per cent Ca saturation 
Figure 21a. Gain of loss of Ca by excised barley I 
roots with different C.E.C. values reacted with 
Ca-H bentonite systems. Rg^ts A-D, low C.E.C. ' 
Roots E-H, high C.E.C. 
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Table 18 
Ca concentration arid pH measurements of 3 liter clay 
systems used for clay-root reactions. 
100% 
Ca I 
100% 
Ca II 
100% 
Ca III 
100% 
Ca IV 
94.2% 
Ca I 
94.2% 
Ca II 
88.6% 
Ca 
83.3% 
Ca 
Initial pH 7.03 7.01 7.00 7.02 4.56 4.57 3.83 3.45 
pH after root 7.00 7.02 6.85 7.00 5.12 4.98 4.16 3.73 
reaction 
Ca concen- 27.8 27.8 28.0 28.2 23.3 23.9 21.7 20.2 
tration* 
*Ca concentration in bags of 
throughout 24 hour clay-root 
50 ml. of water 
reaction period 
equilibrated with 
• 
L clay systems 
Cation 
Table 19 
contents (mg./g.) of undipped roots before and 
reaction in 100 per cent Ca clay systems I-IV. 
after 
A B C D E F G H 
Before* Ca 1.62 1.37 1.35 1.33 1.75 2.02 1.92 1.93 
Na" 18.41 11.51 11.18 11.27 20.68 25.81 25.96 27.64 
K 14.94 23.16 18.26 16.91 13.44 10.47 10.99 9.89 
After** Ca 2.38 1.82 1.85 1.81 2.68 2.82 2.67 2.59 
/. Na" 21.36 12.80 11.75 12.05 23.04 29.47 31.51 26.92 
K 13.06 17.78 16.71 14.98 6.98 6.98 6.91 77;45 
*Average of 4 values, 
**Average of 3 values. 
"Values were quite variable and were not accurately measured. 
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in gain or loss were in direct relation to the exchange capacity differ¬ 
ences. However, if a Donnan effect had occurred those roots with the 
higher C.E.C. would have been better able to attract and hold Ca and thus 
would have gained proportionately more Ca at the higher per cent Ca clay 
saturations and would be expected to suffer less loss of Ca at the lower 
per cent Ca clay saturations,A proportionately greater ability of high 
exchange roots to attract and hold Ca would have been indicated either by 
a crossing point representing a loss or by no crossing of the lines. The 
data indicated that the Donnan effectwas not a controlling factor under 
the conditions tested. 
The data presented in figure 21b also indicated that, for the systems 
studied, the gain in Ca from the 100 per cent Ca clay systems was in direct 
relation to the root C.E.C. values. The line drawn seemed to best represent 
this relationship (excepting points A and E). The data for gain in Ca by 
the roots in the 100 per cent Ca clay systems (table 19) were subjected to 
an analysis of variance so that the fiducial limits (table 20) of gain for 
each group of roots (A-E) were established based on the variation between 
replicas. Based on the gain in Ca by the roots having the lower C.E.C. 
these limits were applied to provide a comparison of the gain predicted 
and the gain bbserved for those roots with the higher exchange C.E.C. in 
these 100 per cent Ca clay systems. In making the calculations it was 
assumed that the gain in Ca was a direct function of root C.E.C. The data 
obtained are presented in table 20. The measured values for B vs. F and D 
vs. H agreed with those predicted. The measured range for A vs. E was 
higher than predicted, but C vs. G.was lower. A measurable Donnan effect 
would have resulted in measured 
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Table 20 
Predicted and measured ranges in gain of Ca (mg./g,) by roots 
of different C.E.C, reacted in 100 per cent Ca clay systems. 
COMPARISON PREDICTED MEASURED 
A vs. E 0.886 - 1.032 1.012 - 1.126 
B vs. F 0.761 - 0.948 0.757 - 0.856 
C vs. G 0.828 - 1.018 0.691 - 0.792 
D vs. H 0.584 - 0.724 0.595 - 0.731 
Pidiicial limits were obtained by an analysis of variance. 
Assuming Ca gain to be a direct function of root C.E.C. the predicted 
gain in Ca for the high C.E.C. roots was based on the C.E.C. of the 
low C.E.C. roots. For C.E.C. values used see table 17. 
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values indicating ranges higher than those predicted. Thus it appeared 
that no Donnan effect occurred and the assumption of the Ca gain re¬ 
lationship to root C.E.C. was a valid one. The gain in Ca expressed 
in me./g, was found to be only 15 per cent of the measured exchange 
sites (measured by electrodialysis) expressed as me./g, of roots 
(figure 21b). This value was the same for both levels of root C.E.C. 
again indicating no greater ability for Ca adsorption by the high C.E.C. 
roots in the 100 per cent Ca saturated clay systems. It was found that 
the Ca gains for 100 per cent Ca clay root reaction in the first experi¬ 
ment expressed as the per cent of the measured C.E.C. were: 15.8 for 
undipped roots in the bags and 7.4 per cent for direct contact roots. 
For dipped roots the values were 40.0 and 38,3 per cent for indirect 
and direct contact respectively. However, in the same experiment 
undipped roots reacted directly in a 75 per cent Ca clay sol lost Ca 
equivalent to 26.4 per cent of the measured exchange sites while dipped 
roots lost 4.5 per cent. If one assumes very little if any uptake of 
Ca occurs, possible explanations for the low percentages of measured 
C.E.C. values represented by Ca gains are: 1) The C.E.C, measured by 
electrodialysis was a much larger value than those cation exchange 
sites that were actually functioning (functional exchange capacity) 
in cation adsorption under the conditions in which the root was placed. 
2) Only a small percentage of the exchange sites were available for 
Ca adsorption due to competition for these sites by other cations. This 
would include Ca already adsorbed on exchange sites in undipped,roots 
since this Ca would not be measured as a gain. The most likely explan¬ 
ation was that a combination of both factors were involved. 
It is interesting to note that those roots dipped in HCl and 
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reacted in a 100 per cent Ca clay system gained Ca equivalent to 40 
per cent of the measured C.E.C. This value of 40 per cent is roughly 
the same percentage of the electrodialyzed C.E.C. value obtained by 
measuring the C.E.C. with the standard acid dipping treatment (tables 
5 and 6), It was expected that most of the exchange sites in the HCl 
dipped roots reacted in the 100 per cent Ca clay were Ca saturated and 
thus perhaps the value for the functional C.E.C. was approached by the 
C.E.C. value obtained by the standard acid dipping treatment. However, 
if any appreciable adsorption had occurred thenithe functional exchange 
capacity would have had to be considerably lower than estimated above. 
It could not be determined from the data whether only adsorption or 
adsorption and absorption occurred. 
It was observed that large amounts of Na and K were originally 
present in the roots (table 19). Na values were quite variable and 
were not accurately measured. Five to eight mg. of K per gram of 
reacted roots were, removed from the roots by the clay reactions. It was 
calculated that the cations lost by the roots accounted for less than 1 
per cent of the total exchange sites on the clay in the system. The 
amount of Ca gained by the roots in the 100 per cent Ca clay I (roots 
A and E) accounted for less than 0.4 per cent of the total exchange 
sites on the clay. Thus considerably more K was released than could be 
accounted for by an exchange reaction with Ca on the clay. Based on 
this consideration and on the comparison of the Ca gained by dipped and 
undipped roots (figures 19a and 19b) it appeared that K and Na contamina¬ 
tion of root exchange sites interferred with Ca gains and possibly masked 
the Donnan effects. 
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Based on information obtained in the present studies, it appeared 
that losses of cations by roots to clay systems may be a very important 
consideration in the interpretation of results obtained from clay-root 
reactions. 
The reported gains in Ca by excised barley roots from Na-Ca bentonite 
systems reported by Elgabaly and Wiklander (13) were interesting in the 
light of the results obtained in the present experimental work. They 
reacted 18 g. of excised barley roots for 10 hours in 2 liter bentonite 
systems (approximately 2 per cent sol - pH 5-6) with various Na/Ca ratios 
and reported the following Ca contents in the reacted roots after oven¬ 
drying: 12.75, 11.06, and 9.47 me./lOOg. These roots had been reacted 
in clay systems having Na/Ca ratios of 0.5/4.5, 2.5/2.5, and 4.5/0.5 
respectively. No values for any control roots were reported. 
The total Ca contents of their roots and those used in the present 
study were very similar. Representative Ca values for undipped roots used 
in this study were: for low C.E.C. barley roots, 7 me./lOOg. with gains 
of 2 me./lOOg. in a 100 per cent Ca clay and losses of 2 me./lOOg. in an 
85 per cent Ca clay, while for high C.E.C. roots the values were 10 me., 
4 me., and 3 me./lOOg. respectively. One could therefore expect the roots 
to have reacted in a similar manner in the different clay systems. Since 
the direct contact roots in the present study lost Ca to those Ca-H clay 
systems below 90 per cent Ca saturation, losses of Ca by the roots to 
the Na-Ca clay systems possibly occurred in the 2.5/2.5, and 4.5/0.5 Na/Ca 
ratio systems. Excised roots were not the only roots for which cation 
losses to clay systems were reported since Eck et al (12) reported Ca and 
K losses to bentonite and kaolin clay systems by living intact tomato plants. 
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In sunnnary, the results obtained when excised barley roots were 
reacted in Ca-H bentonite systems indicated the following observations: 
1) Acid dipped roots gained much more Ca than undipped roots, 2) Direct 
contact roots appeared to gain less and to lose more Ca than those separa¬ 
ted from the clay by a membrane bag, 3) The point of Ca clay saturation 
at which there was no gain or loss of Ca by undipped roots was approxima¬ 
tely 92 per cent, while for dipped roots the value was about 80 per cent, 
4) Large amounts of cations were removed from roots by clay-root reactions 
unless the roots were pretreated by acid dipping, 5) Direct contact with 
the clay removed more cations from undipped roots than did indirect contact. 
6) As the per cent Ca saturation decreased, the H ion concentration appeared 
to be a factor in the increased removal of cations from the undipped roots. 
7) Cation competition for exchange sites by those cations moving from the 
undipped roots to the clay systems may have considerably reduced the number 
of exchange sites on the roots available for Ca adsorption. 8) The small 
changes in Ca equilibrium concentrations measured in the 88-91 per cent 
Ca saturated clay systems was reflected by small differences in the root 
Ca gains in these 88-91 per cent Ca systems. The possibility of differences 
in the Ca bonding strength of exchange sites on the clay was suggested. 
9) The gain or loss of Ca by roots in clay systems was directly related to 
the measured differences in root^C.E.C. 10) No evidence of a Donnan effect 
on Ca adsorption by the roots was, observed under the conditions of these 
experiments, when roots with nitrogen induced differences in C.E.C. were 
reacted in the clay systems, 11) The gain in Ca by the above roots was 
found to account for only 15 per cent of the exchange sites measured by 
electrodialysis. It was suggested that the C.E.C. measured by the acid 
dipping treatment may have more closely approached the functional C.E.C. 
V. 
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values, 12) The Na and K and any associated anions found to move from 
the roots to the clay systems may have eliminated the conditions necessary 
for a Donnan effect. 13) Further investigations and more refined techni¬ 
ques were considered necessary in order to provide a better understanding 
of the relationship between root C.E.C. and the Donnan effect. 
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SCMMARY AJO) CCKCLUSIORS 
Root cation exchange capacity is considered to be a factor 
influencing the adsorption andabsorpticn of cations by plant roots. 
On the basis of the Donnan effect, it is proposed that those roots 
with a high cation exchange capacity (C.E.C.) are able to attract and 
bind divalent cations more tightly than aonovalent cations. Evidence 
in the literature indicated that the rate and form of nitrogen supplied 
to plants might alter the root C.E.C. of the plants within a given 
species. 
The objects of this thesis were: 1) to subject plants of a 
given species to different nitrogen treatments and thus produce roots 
of this species having different C.E.C. values. 2) To react these 
roots in Ca-H bentonite systems for Ca adsorption studies. When 
considered necessary, experimental techniques were to be evaluated. 
A suxxnary of the results and conclusions are presented below: 
(a) . Wheat, oats and barley were grown in complete nutrient solu¬ 
tions containing different to IIO3 nitrogen ratios (4/0, 3/1, 1/1,1/3, 
and 0/4 with a total of 50 ppm. N. Root C.E.C. measurements were made 
on excised roots 10-12 days old. In general, as the N^/N03 ratio was 
decreased root C.E.C. values increased. Root appearance and production 
in the 4/0 and 3/1 solutions were poor. Toxic conditions due to low 
pH, cation competition from NH4 and possibly insufficient oxygen supply 
were believed to account for the poor growth. A 75 per cent H3^-25 per 
cent NO^ solution containing 100 per cent less Na produced better roots. 
indicating less cation competition aided root growth. 
(b) . Wheat, oats and barley were grown in complete nutrient 
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solutions containing various levels of nitrogen and an NH4/NO3 ratio 
of 1/3, It was found that root C.E.C, values and per cent nitrogen 
in both roots and tops increased with increased nitrogen levels in 
the nutrient solutions (1-100 ppm. N), At high nitrogen levels the 
C.E.C. values were variable and the trend to increase with increased 
N level was inconsistant, while the nitrogen content of the plants 
continued to increase. The possibility of imbalanced growth conditions 
was suggested as an explanation for the erratic C.E.C. values obtained 
at the high N levels. _ 
(c) A comparison was made of the root C.E.C. values and of the 
cations removed by two methods for producing H saturated roots. The 
method of producing H saturated roots for C.E.C, titration was found 
to influence the root C.E.C. measurement. H roots prepared by acid 
dipping (two dips in 0,05N HCl for 5 minutes each) were found to give 
50 to 60 per cent lower C.E.C. values than H roots prepared by electro¬ 
dialysis (120 volts D.C. for 60-80 minutes). Root C.E.C. values and 
total cations removed were found to increase as the normality of the 
acid cind as the number of dips were increased for the conditions tested. 
Electrodialysis at 120 volts D.C. for 10 minutes removed 25 per cent more 
cations than 5 minutes. 
(d) The effects of acid dipping and electrodialysis treatments 
on the continued growth of intact barley roots indicated that 10 
minutes of electrodialysis at 120 volts D.C. or a 5 minute dip in 
IN HCl resulted in visible browning and death of the treated roots 
within one day after treatment when replaced in the nutrient solution. 
Five minutes of electrodialysis was sufficient to damage the roots. 
Intact roots receiving two 5 minute dips in HCl solutions of 0.05N or 
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less suffered no visible ill effects while a single 5 minute dip in 
O.IN HCl killed existing roots although some new roots were produced 
after the treatment. Based on visible differences in the severity of 
the two methods of producing H roots it is reasonable that these two 
methods produced different C.E.C. values. 
(e) The dipping of roots in acid was considered as a possible 
means of producing roots low in total cations and thus reducing the 
possible effects of contamination of the clay systems and of competi¬ 
tion by cations for root exchange sites in Ca-H clay adsorption studies. 
Dipping roots in HCl caused replacement of the exchangeable cations 
by H and in addition removed a large amount of cations from within the 
roots. The cation content of excised barley roots was reduced 60 per 
cent by two 5 minute dips in 0.05N HCl while 3 dips reduced the content 80 
per cent. This supported the evidence obtained below that larger amounts 
of the cations Na and K moved from the roots to the clay systems than 
could be accounted for by exchange with Ca. 
(f) Roots were reacted both in direct contact with the clay sols 
and indirectly in water equilibrated with clay sols through Visking 
membrane bags (bags). The possible effects of the direct contact of 
root surfaces with clay particles was considered an unknown variable. 
Difficulties in the removal of adhering clay from root surfaces was 
anticipated, but no contamination by Ca clay adhering to root surfaces 
of the clay reacted roots could be measured after washing the reacted 
wet roots in each of five 250 ml. beakers of water. However, dthis 
washing was considered undesirable since it was observed that each 
washing removed some root material and the Ca contained in this root 
material. 
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(g) Excised wheat roots were reacted in 200 and 500 ml. of 
water which had equilibrated with bags containing 100 ml. of 1 per 
cent Ca-H clay sols of 100, 98 and 70 per cent Ca saturation for 
Ca adsorption studies. No gain in Ca was measured in any of the 
/ 
systeias unless the roots had previously been dipped in HCl. Dipped 
roots reacted in 200 ml. volumes of water containing a bag of 100 
per cent Ca saturated sol gained 1 mg. of Ca/g. of root (dry weight), 
while those reacted with a 70 per cent Ca clay sol lost 0.6 mg. of 
Ca/g. to the clay. Depletion of Ca in the 100 per cent Ca clay 
systems (that Ca removed by equilibrating 500 ml. water and by the 
dipped roots) reduced the per cent Ca saturation of these clay systems 
by 6.5 per cent. The availability of Ca from similar clay systems 
containing no roots was found to decrease sharply as the per cent Ca 
clay saturation decreased from 100 to 55 per cent. It was concluded 
that these systems were subject to too great Ca depletion for the 
clay-root reactions intended. 
(h) To provide a clay system less subject to changes in Ca 
concentration, bags containing 50 ml. of water were allowed to come 
to equilibrium by being suspended in 3 liters of 1.5 per cent Ca-H benton¬ 
ite sols for 24 hours. The bags remained in the clay sols and HCl 
dipped and undipped barley roots were placed in the water in the bags 
for 24 hours of clay-root reaction. At the same time, dipped and un¬ 
dipped roots from the same source were also placed in the same clay sols 
for direct contact. Acid dipped roots gained more Ca than undipped 
roots. The increased gain amounted to 3 times that of imdipped roots 
in the 100 per cent Ca saturated clay. Based on controls (unreacted. 
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dipped and undipped roots) the per cent Ca clay saturations above which 
the roots gained Ca were 75 per cent for HCl dipped roots and 90 per 
cent for undipped roots in the bags; while for direct contact roots 
the Ca saturation values were 80 and 98 per cent respectively for 
dipped and undipped roots. In contrast to the Ca gains, both dipped 
and undipped roots lost Ca to those clay systems of lower per cent 
Ca saturations. 
More Na was removed from the roots in reaction with the clay 
systems as the per cent Ca saturation decreased. These Na losses 
ranged from 0 to 8 mg./g. for undipped roots in the bag and 11 to 
16 mg./g. for undipped roots in direct contact with the clay while 
for HCl dipped roots, approximately 1 mg./g, was removed by all Ca 
per cent saturations from both direct and indirect contact. Similar 
trends were observed for K but the values were 30 to 50 per cent of 
the Na values. It was reasoned that the Na and K in the process of 
being removed from the roots could’ have provided competition for 
root exchange sites and thus decreased the number of exchange sites 
available for Ca adsorption by the undipped roots. Free salts removed 
from the undipped roots might also have influenced conditions control¬ 
ling the root adsorption of cations by raising the salt concentration 
of the clay systems. The Donnan effect is greatest when nearly all 
the cations are held in exchangeable form and the ionic activity of 
the outer solution is low. 
/ 
(i) Excised undipped barley roots with different C.E.C. values 
(as determined by titrating electrodialized roots), induced by different 
levels of nitrogen in the nutrient solutions, were reacted in Ca-H 
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bentonite systems by placing the roots in a Visking membrane bag 
containing 50 ml. of water, that was equilibrated with and remained 
in the Ca clay systems. It was found that those roots with a higher 
C.E.C. gained more Ca in the 100 per cent Ca clay systems and lost 
more Ca to the 85 per cent Ca clay systems than did those roots with 
the lower C.E.C. The Ca clay saturation point of no gain or loss was 
estimated to be the same for both high and low C.E.C. roots (approx¬ 
imately 92 per cent Ca saturation). The gain in Ca in the 100 per 
cent or loss in the 85 per cent Ca saturated clay systems appeared 
to be directly related to the root C.E.C. However, the gain in Ca was 
equivalent to only about 15 per cent of the measured cation exchange 
sites. The possibility was suggested that the measured C.E.C. may be 
much greater than the number of exchange sites actually functioning in 
cation adsorption by the plant roots. This value (15 per cent) was 
essentially the same for both high and low C.E.C. roots and indicated 
that under the conditions of this experiment there was no increased 
ability of the higher C.E.C. roots for Ca adsorption due to a Donnan 
effect. 
In the light of the information obtained in this experimental 
work it is concluded: 1) That the rate and form of nitrogen supplied 
to the cereals tested influenced their root C.E.C. values. 2) That 
no Donnan effect waA measured for roots reacted in the Ca-H 
bentonite clay systems even though root C.E.C. values differed. 3) 
That more investigation and refinement of the techniques would be 
helpful in the investigation of root C.E.C. influences on Ca adsorption, 
and in the understanding of the relationship between root C.E.C. and the 
Donnan effect. 
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